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In this paper, we investigate the behavior of bipartite entanglement of fermonic systems when one 
of parties is travehng with a uniform acceleration. For the ordering problem in fermonic systems, 
we apply the recent result in [Montero and Martm-Martmez, Phys. Rev. A 83 052306 (2011)]. 
Based on the approach, we consider both pure and mixed entangled states, and we show that the 
behavior in terms of the entanglement measure, negativity, allows one to obtain physical results, 
i.e. its convergence in the infinite acceleration. The behavior shows that the ordering employed 
is relevant to derive physical results for fermonic entanglement. This also corrects the previous 
analysis of [Martm-Martmez and Fuentez. 

PACS numbers: 



I. INTRODUCTION 

Entanglement is one of central characteristics in quan- 
tum information theory, as it contains correlations that 
do not have a classical counterpart. Entangled states can 
be prepared by correlations stronger than those of local 
classical systems assisted with classical communication, 
but they do not exhibit arbitrarily strong correlations. 
Therefore, quantum theory is consistent with relativist ic 
theories. 

Along the line, it is of fundamental question in rela- 
tivistic quantum information theory how the behavior of 
entanglement can be described in a relativistic setting, 
particularly when one of parties is traveling in an accel- 
eration [1 [2 . This can be seen from two parties who 
share entangled states, while one remains in an inertial 
frame and the other is described in accelerated frame. 
It is highly nontrivial that, even though entanglement in 
bosonic systems disappears in the limit of infinite accel- 
eration, entanglement in fermionic systems can survive in 
the limit [3 [4 . This is remarkable in that entanglement 
related to correlations can behave differently, depending 
on fields, and can also persist in such a limit. However 
the analysis for the fermionic system was only based on 
the single-mode approximation [3 [4 . To obtain a precise 
understanding in the limit, it follows that one has to give 
a full consideration beyond single-mode approximation. 
This has been attempted, for instance, in Ref. [5 , which 
is however, hard to interpret physically. The question in 
fact lies with the peculiarity of fermionic system, that 
gives rise to the ambiguity in the ordering of operators. 
Note that, as it is mentioned in Ref. [6 , what matters 
is to find an ordering that has the physical relevance, i.e. 
such that entanglement is characterized by what is ob- 
served by detectors. In Ref. [6], such an ordering beyond 
single mode approximation is also proposed. In ref. [7] the 
ordering is then applied to explain entanglement in the 
infinite acceleration so the physicality of the fermionic 
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structure is provided and the independence of the choice 
of Unruh mode in the infinite acceleration limit is dis- 
cussed. 

However the ordering was tested only in the example con- 
sidered in Ref. [7 . Therefore in this work, beyond the 
single-mode approximation, we investigate the behavior 
of entanglement of fermonic systems using the recent con- 
struction proposed in Ref. [6 , for both pure and mixed 
states. In this way, the construction is extensively tested 
for a number of entangled states. We show that in all 
of these cases, the ordering constructed leads to conver- 
gence of fermonic entanglement in the infinite accelera- 
tion, i.e. it yields physical results. This also corrects the 
previously known analysis on the entanglement behavior 
in Ref. [8 . Finally, our results provide strong evidence 
that the ordering suggested recently would characterize 
entanglement as it gives physical results. 

The organization of this article is as follows. In Sec. 
im we will briefly review how fermionic systems are de- 
scribed in a non-inertial frame. In Sec. |III[ the approach 
in Ref. [6 is applied and the entanglement behavior of 
the fermionic system in an accelerated frame is shown. 
In Sec. [iVlwe will conclude and discuss our results. 

II. ACCELERATED FRAME 

Let us begin with quantum fields in relativistic frames. 
A party traveling with a uniform acceleration is de- 
scribed by the so-called Rindler coordinate (r, 
which has the following relation with Minkowski coor- 
dinate (t, X, z)^ 

ct = <; smnf — = <; cosnf — ) , (1) 
c c 

where a is a fixed acceleration of the frame and c is the 
velocity of light. For fixed c;, the coordinate can be found 
as hyperbolic trajectories in space-time. This is shown 
in Fig. [l] Equation ([T]) only covers the region (I) in Fig. 
[l] The region (II) is covered by ct = — (^sinh(^),x = 
— <^cosh(^). The other two regions (F and P) can be 
described as ct = ±£cosh( — ),x = ±£sinh( — ). 
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FIG. 1: The Rindler diagram is shown, where Ahce is in 
the inertial frame while Bob is in the uniformly accelerated 
frame. Two regions I and II are causally disconnected. Trans- 
formations of coordinates among regions I, II, F, and P are 
explained in the text. 

Now let us consider the field in Minkowski and Rindler 
spacetime, which can be written as 

i 

where Nm and are normalization constants. Also 
^i^M denotes the positive and negative energy solutions 
of the Dirac equation in Minkowski spacetime, which can 
be obtained with respect to the Killing vector field in 
Minkowski spacetime, and v^^ and v^^^ are the positive 
and negative energy solutions of the Dirac equation in 
Rindler spacetime, with respect to the Killing vector field 
in regions I and 11. In addition a] ^{ai^^) and b] ^{bi^A) 
are the creation (annihilation) operators for the posi- 
tive and negative energy solutions (particle and antipar- 
ticle), where A denotes M, I, II. Then they satisfy the 
anticommutation relations {a^^A, ^] /\'} ~ {^i,A, ^] /\'} ~ 
^ij ^ AA' ' known that the combination of Minkowski 
mode, called Unruh mode, can be transformed into a 
monochromatic Rindler mode and can annihilate the 
same Minkowski vacuum. The following relation thus 
holds: 

A,R/L = COS jiai^i/u - sin7i6]' jj/j, 

where cos7i = (e^^ + A more general relation 

can also be found, 

4t/ = ^l{AI^l ^ ^r) + Qr{^l ^ aI^r). (2) 



by which one can go beyond the single-mode approxima- 
tion. 

Using these relations, in case of Grassmann scalar, the 
Unruh vacuum can be given by 

\Oq)u = cos'7n|0000)n- sin 7^ cos 7^10011)^ 

+ sin7Q cos 7q 1 1100)^7 - sin^7^^ 1 1111)^7 (3) 

Here we use the notation \pqmn)Q = 
\pn)i\qQ)u\mQ)^\nQ)l^. Then, one-particle states 
can be obtained as 

= te(cos7^|1000)^- sin 7^11011)^) 

+ gL(sin7^|1101)^ + cos7^|0001)^7), (4) 

and, 

\ln)u = ^L(cos7^|0100)n- sin 7^10111)^) 

+ gi?(sin7n|1110)^ + cos7^|0010)^). (5) 

From now on, for both convenience and simplicity, we 
restrict our consideration to cases when qji and ql are 
real numbers, and we also omit the index Q through- 
out. In Eqs. Q and ([5|, the single- mode approxima- 
tion can be found by putting qr = 1, so that the vac- 
uum in the Minkowski frame can be written as, |0)m = 
cos7|0)i|0)ii + sin7|l)i|l)ii. 

Very recently, in Refs. [6] [7] it has been suggested 
that the ordering in fermonic systems should be rear- 
ranged by the sequence of particles and antiparticles in 
the separated regions, so that the entanglement behavior 
of those states will yield physical results. In the following 
section, we apply the construction and derive the entan- 
glement behavior of fermonic systems. 

III. ENTANGLEMENT BEHAVIOR 

In this section, we consider the construction shown 
in Refs. [6 [7 , and we derive the entanglement be- 
havior accordingly. For bipartite pure entanglement, 
the entanglement property of quantum states can be 
simplified greatly due to the Schmidt decomposition, 
by which a given quantum state can be expressed us- 
ing a single parameter. That is, the decomposition al- 
lows any bipartite pure state to be in the expression 
\ip{(^)) = cosa|00) + sina|ll) for some a, with a set of 
orthonormal basis |0) and 

To quantify entanglement, we apply the measure called 
negativity^ which is based on the partial transpose of 
quantum states, i.e. taking transpose to the state of ei- 
ther system of two parties [9 . Then, for a given quan- 
tum state p, negativity JV can be computed as follows: 
Af{p) = |A^| in which are negative eigenvalues of 
p^, where F denotes the partial transpose [10]. Note that 
the measure-negativity-is useful as a computable measure 
in various contexts. 

With these, the entanglement behavior is to be studied 
in the following scenario. Suppose that two parties, called 
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Alice and Bob, share entangled states in inert ial frames 
in the beginning. Afterward, Bob moves with a uniform 
acceleration. We then show that entanglement in the 
infinite acceleration allows us to obtain physical results. 
In particular, results shown in Sec. Ill A[[TirBl and IIIC 
correct previously known analysis in Ref. [8 . 



A. Bipartite pure states I - particle and 
antiparticle Unruh excitations 



We first consider pure entanglement between Alice and 
Bob. As was mentioned, suppose that two parties share 
a pure state and Bob travels with a uniform acceleration. 
Then, the state shared is described as 



|$+(a)) = cosa|0)M|0)t/ + sina|l)M|l^ 



(6) 



Suppose that Bob's detector cannot distinguish be- 
tween the particle or the antiparticle. As it is depicted in 
Fig. [l] two regions I and II are causally disconnected and 
thus Bob does not have assess to both. Hence, the state 
between Alice and Bob can be found by tracing either 
regions. First, the state of Alice and Bob when Bob is in 
region I is described as 



II) is then expressed after tracing the region I, as follows: 
Pab„ = cos^Q^cos'^7|000)(000| 

+ y sin2acos^7(|000)(110| + |110)(000|) 
+ g|sin^acos^7|100)(100| 

^-(1 + (1 - 2ql) cos 27) sin^ a|110)(110| 



2 

Or 
2 



sin2acos^7sin7(|001)(100| + |100)(001|) 
sin^asin27(|100)(lll| + |111)(100|) 



4 
Ql 



cos^asin^ 27(|001)(001| + |010)(010|) 



sin2acos75m^7(|001)(lll| + |111)(001|) 



ql sin2asin2 7|lll)(lll| 



sin2asin^7(|011)(110| + |110)(011|) 



+ cos^asin^7|011)(011|. 

Note that these are exact expressions, not obtained from 
the single-mode approximation. 

Entanglement of these states is estimated using neg- 
ativity in Ref. [10 , which is shown in Fig. 2. As 7 
increases, the entanglement of p^^^ decreases but that 
of p^^jj increases. They eventually coincide at 7 = j. 

It is thus shown that for states p^^^ and p^^^^, entan- 
glement is determined independently of qr at the infinite 
acceleration, 7 = |. As has been discussed in Ref. 0, 
these allow us to obtain physical results since at infinite 
acceleration, entanglement of the states p^^^ and P^Bu 
is shown to be independent on qr. 
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(7i5m^acos^7|100)(100| 



1 



(1 + (1 - 2ql) cos 27) sin^ a|110)(110| 



y sin2acos^7sin7(|001)(100| + |100)(001|) 
^" sin^asin27(|100)(lll| + |111)(100|) 



-cos^asin^ 27(|001)(001| + |010)(010|) 

y sin2acos7sin^7(|001)(lll| + |111)(001|) 

qj^ sin^asin^7|lll)(lll| 

y sin2asin^7(|011)(110| + |110)(011|) 

cos^asin'^7|011)(011|. 



And, the state of Alice and antiBob (i.e. in Bob's region 




FIG. 2: (Color online) Negativity is computed for states p^^^ 

and p^^ . Parts (a) and (b) show the cases of a — ^ and 
a = respectively. The blue solid (the red dotted) lines from 
top to bottom(from bottom to top) denote the negativity of 

Pasi(Pas„) = 1'^^ = 0-85 = respectively. 

7 = ^ means the infinite acceleration . As it can be seen, the 

entanglement of p^^^ and p^^^^ coincides at infinite acceler- 
ation. 



Next let us consider the case in which Bob and anti- 
Bob detector can distinguish between the particle and 
the antiparticle. Then for the state in Eq. ([6|, one can 
find density matrices corresponding to cases of the Alice- 
Bob particle in region I, the Alice-Bob antiparticle in 
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region I, the Alice-anti-Bob particle in region II, and the 
Alice-anti-Bob antiparticle in region 11. From the density 
matrices, entanglement can be computed using negativity 
for those cases, see Fig. 3. 



qr = 1 



qr = 0.75 




FIG. 3: (Color online) For the state in Eq. (|6]), negativ- 
ity is computed for Alice-Bob particle in region I, Alice-Bob 
antiparticle in region I, Alice-anti-Bob particle in region II, 
and Alice-anti-Bob antiparticle in region II. Parts (a), (b), 
(c) and (d) show the cases qr = l^qn = 0.75, qn = 0.5, and 
Qr — 0.25 respectively. The blue solid line, the red thick 
dashed one, the green dotted one and the orange dot-dashed 
one denote the negativity of Alice-Bob particle in region I, 
Alice-Bob antiparticle in region I, Alice-anti-Bob particle in 
region II, and Alice- anti-Bob antiparticle in region II respec- 
tively. 



In Fig. 3 (a), the behavior of entanglement qr = 1 
in terms of negativity is shown. As 7 increases, the entan- 
glement of the Alice-Bob particle in region I decreases, 
however that of the Alice-anti-Bob antiparticle in region 
II increases. At ^ = ^, we can see nonzero valued nega- 
tivity only in cases of the Alice-Bob particle in region I, 
the Alice-Bob antiparticle in region I and the Alice-anti- 
Bob particle in region II. 



B. Bipartite pure states II - particle and 
antiparticle Unruh excitations 



We next consider the entanglement between Alice and 
Bob, when they share the following state: 



\^-{a)) = cosa|0)M|0)f/ + sina|l)M|l")t/, (7) 



As it is explained previously. Bob has inaccessible part 
due to his acceleration. The state of Alice and Bob after 



tracing the region II is found as follows: 
cos^acos'^7|000)(000| 



Pab, 



sin2aco5^7(|000)(101| + |101)(000|) 



ql sin^acos^7|101)(101 
1 
2 

(1L_ 
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(1 + (1 - 2ql) cos 27) sin^ a|101)(101| 
sin2acos^ 75m7(|010)(100| + |100)(010|) 
sin^ a sin 27(1 100) (111 I + |111)(100|) 



+ icos^asin^27(|001)(001| + |010)(010|) 
2 

-h g|sin^asin^7|lll)(lll| 



■ sin2acos75m^7(|010)(lll| + |111)(010|) 



y sin 2a sin^ 7(|011)(101| 
cos^asin'^7|011)(011|. 



|101)(011|) 



The state that Alice- anti-Bob (in Bob's region II) share 
can be obtained after tracing the region I, 
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cos^asin^ 27(|001)(001| + |010)(010|) 

sin2acos7sin^7(|010)(lll| + |111)(010|) 
ql sin^asin^7|lll)(lll| 
^sin2asin^7(|011)(101| 



|101)(011|) 



cos^asin'^7|011)(011|. 



Entanglement of states pj^^ and p\bii shown in 
Fig. 4. Their behavior are very similar to cases shown in 



Sec. Ill A It is also shown that entanglement of states 
p\~Bi P^Bii independent of g^^: at 7 = |. This 
demonstrates proper entanglement behavior as it yields 
physical results. 

As we discussed in the previous section, if the Bob 
and anti-Bob detector can distinguish between the par- 
ticle and the antiparticle, for the state in Eq. ^ 
one may find the density matrices of the Alice-Bob par- 
ticle in region I, the Alice-Bob antiparticle in region I, 
the Alice-anti-Bob particle in region II, and the Alice- 
anti-Bob antiparticle in region II. In this way, density 
matrices corresponding to cases of the Alice-Bob parti- 
cle in region I, the Alice-Bob antiparticle in region I, the 
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FIG. 4: (Color online) Negativity is computed for states Pabi FIG. 6: (Color online) The entan glement behavior is shown 
and pABii- Parts (a) and (b) show the cases oi a — j and 



for cases considered in Sec. 



IIIC 



two states p^^i p'abu 



respectively. The blue solid (the red dotted) lines 
from top to bottom (from bottom to top) denote the negativity 
of P^-ABi{p<^-ABii) at qn = I^qr = 0.85 and qr = 0.73 
respectively. 7 = f means the infinite acceleration. As it is 

shown, both states p^^i Pabu have the same value in 
negativity in the infinite acceleration. 



and (b) show the behavior when a 



4 and a - , 



Parts ( 

respectively. The blue solid (the red dotted) lines from top to 
bottom(from bottom to top) denote the negativity of p^^i 

iP^*Bu) ~ ^^QR — 0-8^ = 0.73 respectively. Note 

that the infinite acceleration is meant when 7 = j. It is shown 
that entanglement of two states p^^^ and />as„ coincides at 
the infinite acceleration. 



Alice-anti-Bob particle in region II, and the Alice-anti- 
Bob antiparticle in region II can be obtained. In Fig. (5) region I, and the Alice-anti-Bob antiparticle in region 11. 
the entanglement behavior is shown for different values 
of Qr. 



qr = 1 qr = 0.75 

Negativity Negativity 




FIG. 5: (Color online) For the state in Eq. ([t]), negativ- 
ity is computed for Alice-Bob particle in region I, Alice-Bob 
antiparticle in region I, Alice-anti-Bob particle in region II, 
and Alice-anti-Bob antiparticle in region II. Parts (a),(b),(c) 
and (d) show the cases of qr = I^qr = 0.75, qr = 0.5, and 
Qr — 0.25 respectively. The blue solid line, the red thick 
dashed one, the green dotted one and the orange dot-dashed 
one denote negativity of Alice-Bob particle in region I, Alice- 
Bob antiparticle in region I, Alice- anti-Bob particle in region 
II, and Alice-anti-Bob antiparticle in region II respectively. 



We observe that the entanglement behavior shown in 
Fig. 5 is different from those in Fig. 3. A.i = 1 the 
non-zero values in negativity can be found in cases of the 
Alice-Bob antiparticle in region I and the Alice-anti-Bob 
particle in region II, but not in the others. Ai qR = |, 
non- vanishing entanglement is found in cases of the Alice- 
Bob particle in region I, the Alice-Bob antiparticle in 



C. Bipartite pure states III - particle and 
antiparticle degrees of freedom 

We now consider pure entangled states that describe 
correlations between particle and anti-particle degrees of 
freedom, when Bob is traveling with a uniform accelera- 
tion, as follows: 

|$*(a)) = cosa|l)+ + sina|l)- (8) 

As was done before, the state that Alice and Bob share 
can be obtained beyond the single-mode approximation. 
The state when Bob is in region I is obtained by tracing 
the other region. 
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Also, the state that Ahce and anti-Bob (in Bob's region 
II) share is, 

pSb„ = 4cos2c.cos2 7|+00)(+00| 

+ ^(1 + (1 - 24) cos 27) cos' a{\ + 10) (+10|) 
+ i (1 + (1 - 2q%) cos 27) sin 2a\ + 10) (-01 1 
+ i(l + (l-2(7|)cos27)sin2a| -01)(+10| 

+ i(l + (l-24)cos27)sin'a| -01)(-01| 

+ g|sin'acos'7| - 00)(-00| 

- ^^cos2asin27(| +00)(+ll| + | + 11)(+00|) 

_ sin' asin27(| - 00)(-ll| + | - 11)(-00|) 

+ gicos'asin'71 + 11)(+11| 
+ g|sin'asin'7| - 11)(-11|. 

For these two states, entanglement is computed in terms 
of negativity, and is shown in Fig. |6] 



Int eresti ngly, compared to other cases in Sec. Ill A and 
Sec. ImBt see Figs. [2]and[4|, the behavior depicted in 
Fig. [6|is shown to be nearly equidistant according to dif- 
ferent values of qr. It is also shown that the entanglement 
behavior of two states pj^^ and Pa*Bu independent of 
qr at the infinite acceleration, 7 = f • 

Let us also mention about when Bob and anti-Bob de- 
tector can distinguish between the particle and the an- 
tiparticle. In this case, it turns out that all density matri- 
ces corresponding to cases of Alice-Bob particle in region 
I, Alice-Bob antiparticle in region I, Alice-anti-Bob parti- 
cle in region II, and Alice-anti-Bob antiparticle in region 
II are separable. Thus, negativity remains zero for all 



parameters. 



D. Bipartite mixed states - particle and 
antiparticle Unruh excitations 

Up to now, we have considered entanglement of pure 
states when one of parties is traveling with a uniform ac- 
celeration. We have observed that, at the infinite accel- 
eration, entanglement has the same convergence, which 
allows us to have physical results. In this subsection, 
we consider a more complicate scenario when two parties 
share a mixed state. It is our aim to discover how the en- 
tanglement behavior depends on the mixedness property, 
and also if its convergence is related to the mixedness. In 
particular, the case in which a white noise is added to a 
maximally entangled states, so-called Werner state, is to 
be considered. For Werner states, the mixedness is pa- 
rameterized by a single parameter, depending on which 
one can see how noisy a state is. 

Suppose that two parties, Alice and Bob prepare 
Werner states in inertial frames, and then Bob moves 
in the uniformly accelerated frame. That is, the state 
can be expressed as follows: 



1 



-I, (9) 



pw = F|^+(a = 7r/4)){^^{a = ^/4)| 



where the maximally entangled state is taken from Eq. 
(|6| when a = 7r/4. 

Suppose also that Bob's detector cannot distinguish 
between the particle or the antiparticle. Beyond the 
single-mode approximation, both states that Alice and 
Bob share in Bob's region I and region II, respectively, 
are obtained by tracing the other region, as follows: 



Pab, = l^qRCOs^ 7(|000)(110| + |110)(000|) + ^ cos' 7(8 - 2^ + F(l - 2^) + (1 - F) cos27)|100)(100| 

+ I cos' 7(3 - 24 - F{1 - 2q\) + (1 + F) cos27)|000)(000| - ^ cos' 7 sin7(|001)(100| + |100)(001|) 
8 2 

+ ^cos7sin2 7(|001){lll| + |111)(001|) + ^ sinS(|011)(110| + |110){011|) 
+ i sin2 7((1 + F)ql + {l-F) sin^ 7)|111>(111| + \ sin^ 7((1 - F)ql + (1 + F) sin^ 7)|011)(011| 
- ^(1 - F)qLqflsin27(|000){011| + |011)(000|) - ^(1 + F)^^^^ sin27(|100){lll| + |111>(100|) 
+ ^(1 - F) sin2 27|101)(101| + ^(1 + F) sin^ 27|001)(001| + ^(2(1 + F) - 2(1 + F)(l - 2ql) cos 27 
+(1 - F) sin^ 27)|110)(110| + - F) - 2(1 - F)(l - 2^^) cos 27 + (1 + F) sin^ 27)|010)(010|, 



and 
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PaBu = \FqL cosS(|000)(110| + |110){000|) + i sm^ ^{'d - 2ql + F{1 - 2q%) - (1 - F) cos27)|lll>(lll| 

+ lsm^j{3 - 2q\ - F{1 - 2q\) - (1 + F) cos27)|011)(011| + ^ cos^ 7sin7(|001)(100| + |100)(001|) 
8 2 

- ^cos7sin^7(|001)(lll| + |111)(001|) + ^ sin^ 7(|011)(110| + |110)(011|) 

+ i cos^ 7((1 + F)q\ + (1 - F) cos^ 7) 1 100) (100| + ^ cos^ 7((1 - F)q\ + (1 + F) cos^ 7) |000) (000| 

- ^(1 - F)gLtesin27(|000)(011| + |011)(000|) - ^(1 + F)qLqRsm2^(\im){lll\ + |111)(100|) 

+ h^{l-F) sin^ 27|101)(101| + -^(1 + F) sin^ 27|001)(001| + -^(2(1 + F) + 2(1 + F)(l - 2q\) cos 27 
lb lb lb 

+ (1 - F) sin^ 27)|110)(110| + ^(^(l - ^) + 2(1 - F)(l - 2q\) cos 27 + (1 + F) sin^ 27)|010)(010|. 



F =0.95^ F =0.65^ 
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FIG. 7: (Color online) Entanglement of states Pasj ^"^^ Pabu 
is shown. Parts (a) and (b) show the cases of F = 0.95 
and F = 0.65 respectively. The blue solid (the red dotted) 
lines from top to bottom(from bottom to top) denote the 
negativity of p^B^ {Pabu) at qn = l,qR = 0.85 and qr = 0.73 
respectively. At the infinite acceleration, i.e. 7 = ^, it is 
shown that the entanglement of p^Si and Pash coincides. 



Entanglement of these states and P^Bu shown 
in terms of negativity in Fig. [?[ It is shown that the 
entanglement behavior of p^^i P^Bu coincides at, 
and is independent of qn, at the infinite acceleration 7 = 

TT 

4 • 

Next, when Bob and anti-Bob detector can distinguish 
between the particle and the antiparticle, density ma- 
trices can be found, for the following cases, Alice-Bob 
particle in region I, Alice-Bob antiparticle in region I, 
Alice-anti-Bob particle in region II, and Alice-anti-Bob 
antiparticle in region 11. From the matrices, it is straight- 
forward to compute entanglement using negativity. In 
Fig. 8, the entanglement behavior is shown. 



IV. DISCUSSION AND CONCLUSION 

In this article, we have investigated the entanglement 
behavior of bipartite quantum states in fermionic systems 
when one of parties is traveling with a uniform accelera- 
tion. We have employed the recent proposal in Ref. [6| 



qr = 1 qr = 0.75 

Negativity Negativity 




FIG. 8: (Color online) Entanglement of Alice-Bob particle 
in region I, Alice-Bob antiparticle in region I, Alice-anti-Bob 
particle in region II, and Alice- anti-Bob antiparticle in region 
II, for the state pw is shown. Parts (a), (b), (c) and (d) 
show the cases of qr = l,qR — 0.75, qr = 0.5, and qR = 0.25 
respectively (here we set F = 0.95). The blue solid line, the 
red thick dashed one, the green dotted one and the orange 
dot-dashed one denote the negativity of Alice-Bob particle 
in region I, Alice-Bob antiparticle in region I, Alice-anti-Bob 
particle in region II, and Alice- anti-Bob antiparticle in region 
II respectively. 



for the ordering of operators. This is because the order- 
ing is suggested such that field entanglement is relevant 
to what is observed in detectors. We believe that this 
is a natural and relevant constraint, as it is designed to 
yield physical results, which is contrary to other previous 
approaches that consider various possibilities depending 
on mathematical ordering. Before the present consider- 
ation, the construction in Ref. was only tested for a 
particular pure state in Ref. [7|. 

We have applied the construction and considered en- 
tanglement behavior for numerous cases, i.e, bipartite en- 
tanglement of pure and mixed states. We have shown 
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that, in all of these cases, the entanglement behavior 
allows one to obtain physical results so that in the in- 
finite acceleration, entanglement converges to a single 
and finite value. Our considerations consist of exem- 
plary states shown in Ref. [8 , where a different ordering 
has been appHed and consequently the convergence prop- 
erty has not been achieved in the entanglement behavior. 
This contrasts to what is shown in the present work, and 
thus our result has provided the correct behavior of en- 
tanglement in fermonic systems. 
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